Induced pluripotent stem cells (iPSCs) have tremendous potential as a tool for disease modeling, drug testing, and other applications. Since the generation of iPSCs "captures" the genetic history of the individual cell that was reprogrammed, iPSC clones (even those derived from the same individual) would be expected to demonstrate genetic heterogeneity. To assess the degree of genetic heterogeneity, and to determine whether some cells are more genetically "fit" for reprogramming, we performed exome sequencing on 24 mouse iPSC clones derived from skin fibroblasts obtained from two different sites of the same 8-week-old C57BL/6J male mouse. While no differences in the coding regions were detected in the two parental fibroblast pools, each clone had a unique genetic signature with a wide range of heterogeneity observed among the individual clones: a total of 383 iPSC variants were validated for the 24 clones (mean 16.0/clone, range 0-45). Since these variants were all present in the vast majority of the cells in each clone (variant allele frequencies of 40-60% for heterozygous variants), they most likely preexisted in the individual cells that were reprogrammed, rather than being acquired during reprogramming or cell passaging. We then tested whether this genetic heterogeneity had functional consequences for hematopoietic development by generating hematopoietic progenitors in vitro and enumerating colony forming units (CFUs). While there was a range of hematopoietic potentials among the 24 clones, only one clone failed to differentiate into hematopoietic cells; however, it was able to form a teratoma, proving its pluripotent nature. Further, no specific association was found between the mutational spectrum and the hematopoietic potential of each iPSC clone. These data clearly highlight the genetic heterogeneity present within individual fibroblasts that is captured by iPSC generation, and suggest that most of the changes are random, and functionally benign.
Introduction
Pluripotent stem cells, such as embryonic stem cells (ESCs), are defined by their ability to selfrenew and differentiate into any somatic cell type. In 2006, Yamanaka and colleagues successfully reprogrammed mouse somatic cells into pluripotent stem cells, referred to as induced pluripotent stem cells (iPSCs), by introducing a combination of four transcription factors: Oct3/4, Sox2, c-Myc, and Klf4 [1] . One year later, both the Yamanaka group and the Thomson group successfully reprogrammed human somatic cells to iPSCs [2, 3] . Like ESCs, iPSCs demonstrate unlimited self-renewal in culture, express markers associated with pluripotency (such as alkaline phosphatase and SSEA-1), and can generate teratomas comprised of all 3 germs layers (ectoderm, mesoderm and endoderm) in immunodeficient mice [1] .
iPSCs reprogrammed from patient cells can be valuable reagents for studying the pathobiology of specific diseases [4] . However, concerns over the use of iPSCs in translational studies have been raised, including potential associations between human iPSC reprogramming and mutations known to be linked to cancer [5, 6] . Previous work from our lab suggested that many of the mutations within iPSCs actually pre-exist in rare cells within the starting cell population [5, 7] . Using whole genome sequencing to characterize a small number of mouse iPSCs derived from the same animal, Young et al. found a number of shared variants between individual iPSC clones (from one of three experiments) that could be detected in <1 in 500 cells in the parental cell pool [8] . These data suggested that reprogramming, with its associated cell cloning, "captures" the mutational history of each reprogrammed cell, and that some cells within a given starting population may be more fit for reprogramming due to specific background mutations.
Previous studies focused on the genetic heterogeneity of iPSCs have only evaluated a small number of individual clones [9] [10] [11] , and have been limited in their ability to fully estimate the extent of genetic heterogeneity that results from the reprograming of a pool of somatic cells. In this study, we used exome sequencing to define the genetic heterogeneity of 24 iPSC clones derived from skin fibroblasts taken from two different sites (right and left axilla; 12 clones/site) of the same 8 week old C57BL/6J male mouse.
Materials and Methods

Production of murine iPSC clones
The Washington University Animal Studies Committee approved all animal experiments (protocol #20120180). Skin fibroblasts from the right and left axillae (Ax1 and Ax2) of a single healthy 8 week old adult C57BL/6J male mouse were prepared, and iPSC clones were generated as previously described [12] . Briefly, 2.5x10 5 fibroblasts were seeded on 6-well plates. The next day, the cells were transduced with the OSK-GFP lentivirus (kindly provided by Drs. Joe Sun and Tim Townes) at an MOI of 1:3. After 24 hours of incubation with the virus, the cells were trypsinized and transferred to a 100-mm petri dish with a feeder mouse embryonic fibroblast (MEF) layer and mouse embryonic stem cell (ESC) media containing recombinant LIF (Millipore, Billerica, MA). Cells were grown for 2-3 weeks with daily media changes before individual clones were picked and expanded on MEF feeder layers.
hematopoietic CFUs in vitro), were injected into the hind limbs of NSG mice (1x10 7 cells per mouse, 2 recipients per clone), and teratoma formation was evaluated after 8-12 weeks by histologic examination. Images were captured on the Nikon Eclipse TE300 microscope using the Nikon DXM1200F digital camera.
In vitro hematopoietic differentiation from iPSC
The iPSC hematopoietic differentiation assay is modified from a human iPSC hematopoietic differentiation protocol [13] . Briefly, 1x10 5 single iPSC or mESCs were seeded in gel-coated 100-mm petri dish with OP9 stromal cells overgrown for 8-10 days in differentiation media containing 10% fetal bovine serum (FBS), 100 μM monothioglycerol (Sigma-Aldrich, St. Louis, MO), and 50 μg/ml ascorbic acid (Sigma-Aldrich, St. Louis, MO Multiple lots of OP9 cells from ATCC and multiple lots and brands of FBS were systematically tested, and neither had a significant influence on hematopoietic differentiation efficiency (S1 Table) .
Illumina library construction and exome sequencing
Genomic DNA from all 24 iPSC clones and the two parental fibroblast lines were fragmented using a Covaris LE220 DNA Sonicator (Covaris, Woburn, MA) within a size range between 100-400 bp using the following settings: volume = 50 μL, temperature = 4°C, duty cycle = 20, intensity = 5, cycle burst = 500, time = 120 seconds. 
Variant detection pipeline
Sequence data was aligned to mouse reference sequence mm9 (with the OSK vector sequence added) using bwa version 0.5.9 [14] (params:-t 4-q 5::). Bam files were deduplicated using picard version 1.46.
Single Nucleotide Variants (SNVs) were detected using the union of three callers: 1) samtools version r963 [15] Variants were filtered to remove non-homozygous or heterozygous sites using an R script (https://github.com/genome/gms-core/blob/f00200864a9d0b87e6b6257c5e6bcadab4e6f685/ lib/perl/Genome/Model/Tools/Analysis/RemoveContaminatingVariants.R) Viral integration sites were detected using Breakdancer version 1.4.1 [21] and when possible, assembled using TIGRA-SV (http://gmt.genome.wustl.edu/tigra-sv). Integration "hotspots" were defined as 50 kbp regions containing integration events in more than one sample.
Exome capture and capture validation
Two library pools were made for exome capture, each containing all 26 libraries and a total input of *5ug into capture. One pool was captured using the Agilent SureSelect Mouse All Exon Library Kit according to manufacturer's recommendations with these exceptions:
1. 5 μg Mouse Cot DNA and 1mM library adapter blockers were added to the hybridization reaction.
2. Each sample was amplified in the PCR using 20μl of enriched ssDNA library fragments, KAPA HotStart Polymerase, and 200nM each forward primer and reverse primer.
The other pool was captured using the Nimblegen SeqCap EZ Library reagent with the same exceptions. Both products have a probe space of *50Mb. The final concentration of each capture pool was verified through qPCR utilizing the KAPA Library Quantification Kit-Illumina/LightCycler 480 kit according to the manufacturer's protocol (Kapa Biosystems, Woburn, MA) to produce cluster counts appropriate for the Illumina HiSeq2000 platform. Each capture pool was loaded across 5 lanes of the HiSeq2000 version 3 flow cell according to the manufacturer's recommendations (Illumina, San Diego, CA). 2 X 101bp read pairs were generated for each sample, yielding approximately 6-7 Gb of data per sample.
For the validation array, genomic DNA of all 24 miPSC clones was isolated from sorted GFP positive iPSCs to minimize MEF contamination. The custom capture reagent (NimbleGen) contained all predicted somatic mutations from all 24 iPSC clones, as well as 25 probes that tiled the OSK sequence to map the integration sites. Capture was performed as described above for the NimbleGen exome reagent.
Results
Genetic heterogeneity among miPSC clones derived from the same parental fibroblasts 24 miPSC clones were generated from the same adult male C57BL/6J mouse using a polycistronic lentivirus containing cDNAs encoding OCT3/4, SOX2, KLF4 (OSK) [12] , and an IRES-GFP cassette to mark stably transduced cells. These clones were generated at the same time from two independent fibroblast pools from the right and left axillae; 12 clones were expanded from each pool (Fig. 1A) . All clones were GFP positive, and expressed Oct3/4 and alkaline phosphatase (Fig. 1B and S2 Table) . Seven of the 24 iPSC clones (Ax1-10, Ax1-18, Ax1-35, Ax2-26, Ax2-34, Ax2-39, and Ax2-48) were evaluated for pluripotency by injection into immunodeficient mice; all clones produced teratomas containing tissues derived from the endoderm, mesoderm and ectoderm (Fig. 1C) .
Exome sequencing on all 24 iPSC clones, as well as the two parental fibroblast pools from which they were derived, was then performed to comprehensively define the genetic heterogeneity within iPSCs generated from the same mouse at the same time. Each sample was sequenced with two different exome reagents (Agilent SureSelect Mouse Exon, mean coverage 70.5X, and Nimblegen SeqCap EZ, mean coverage 50.9X) to ensure adequate coverage across the exome space (Table 1) . Using genomic DNA collected from iPSCs purified by flow cytometry (GFP-positive), all putative variants from both platforms were then validated using a liquid phase custom capture array and deep digital sequencing (mean coverage >600X), which also allowed us to accurately determine the variant allele frequency (VAF) of each variant (Table 2  and S3 Table) .
We sought to specifically identify variants present in the single cell that was reprogrammed by the OSK virus, rather than detecting rare variants that arose during the reprogramming process or the post-reprogramming expansion and culture. Thus, we focused exclusively on variants present in nearly all of the cells of an iPSC clone (heterozygous variants at a variant allele frequency [VAF] of 40-60%, or homozygous variants with VAFs >80%, with a coverage threshold of >100x). Using these criteria, no differences were detected between the two parental fibroblast pools from the same mouse, as expected. In contrast, when comparing the iPSCs to their parental fibroblasts, a total of 383 iPSC variants were detected in the 24 clones (mean 16.0, range 0-45) ( Fig. 2A-B) . The majority of these variants (343 of the 383 total variants) had no supporting reads at a mean coverage depth of 320x in the Ax1 parental fibroblasts, and 462x in the Ax2 parental fibroblasts, while the remaining 40 variants could be detected at very low VAFs in the parental fibroblasts (S3 and S4 Tables). In total, the mean VAF of the iPSC variants in the parental fibroblasts was 0.08% (median 0.00%, range: 0.00-4.69%).
Only 1 variant was shared among different clones: 4 clones (Ax1-5, Ax1-23, Ax2-24 and Ax2-34) harbored the identical missense substitution in Dcbld1 (Chr10, 52024482 A>G) resulting in an I216M amino acid change. Analysis of the sequencing data from the parental fibroblasts detected this variant at a VAF of 4.69% in Ax1, and 3.11% in Ax2 fibroblasts, suggesting that a small fraction of cells within each independent skin sample (between 5 and 10% of cells) contained this mutation; it probably represents mosaicism within the skin of this animal. This variant was present in the majority of the cells in the four iPS clones (VAF range 48.02-52.13%), clearly demonstrating how preexisting mutations in parental cells are captured by iPSC reprogramming. To determine whether this mutation improved fitness for reprogramming, we analyzed a total of 96 iPSC clones from the skin fibroblasts of this mouse, and found the variant in a total of 9 clones (9.4%). From the combined VAF of the primary skin samples (32 out of 855 total reads, VAF = 3.74%), we estimate that *7.5% of the skin cells contained this heterozygous variant. In total, these observations suggest that the Dcbld1 variant had little if any effect on the fitness of fibroblasts for reprogramming. An average of 3 OSK lentiviral integration sites (range 1-8) were identified in the 24 miPSC clones (S5 Table) . All of the 24 clones had a unique set of integration events, establishing their unique clonal identities. Ax2-11 and Ax2-30 shared one identical integration site on the X chromosome (S6 Table) , yet Ax2-30 had 8 total integration sites compared to only 2 for Ax2-11. These two clones also did not have any common variants when compared to the Ax2 fibroblast pool. In fact, we did not identify any coding variants in Ax2-11. Overall, there was no association between the number of integration sites and the number of variants identified by exome sequencing (data not shown). No insertion events were identified in genes known to be important in ESC/iPSC function or hematopoietic development (data not shown). Several integration "hotspots" were identified: Chr2: 98502394-98507455 (14 clones from both Ax1 and Ax2), Chr9: 3000297-3034834 (15 clones from both Ax1 and Ax2), and ChrX: 100516717-100525474 (5 clones from both Ax1 and Ax2). Of these, only the hotspot on Chromosome 2 has previously been reported [22] (S7 Table) .
Functional heterogeneity among miPSC clones derived from the same parental fibroblasts
To determine whether functional heterogeneity existed among the 24 iPSC clones derived from the same parental cells, we modified a protocol for hiPSC hematopoietic differentiation to induce the production of murine hematopoietic stem/progenitor cells (HSPCs) from ESCs and iPSCs. As described in Methods and Materials, after co-culture on OP9 stromal cells for one week, control wild type mESC lines derived from C57BL/6 mice (B6/BLU or B6/GFP) consistently differentiated into hematopoietic progenitors, as determined by morphologic examination (Fig. 3A) . These cells also had immunophenotypic characteristics of KLS cells (Kit + Lin − Sca-1 + ), common myeloid progenitors (CMPs), granulocyte-macrophage progenitors (GMPs), and megakaryocyte-erythroid progenitors (MEPs) (Fig. 3B-D) . The iPSC clones were capable of differentiating into KLS cells, GMPs, CMPs, and MEPs with variable efficiencies compared to ESCs. Only Ax1-18 consistently failed to produce immunophenotypically-defined hematopoietic progenitors (Fig. 4) .
To assess the hematopoietic potential of these immunophenotypically-defined hematopoietic progenitors, cells grown for 1 week on OP9 feeder cultures were then grown in methylcellulose with hematopoietic cytokines (SCF, IL-3, IL-6, and Epo) for 7 days, and colony forming units (CFUs) were enumerated. In two independent experiments, the 24 miPSC clones exhibited variable but reproducible potentials in their ability to produce functional hematopoietic progenitor cells (Fig. 5A) . Further, erythrocytes and mast cells were readily identified by morphologic examination in the methylcellulose cultures (Fig. 5B) ; cells expressing CD34, Kit, Ter119, and CD11b were also detected at variable levels ( Fig. 5C-E) . Consistent with the results from the progenitor studies above, Ax1-18 was incapable of forming colonies in cytokine-supplemented methylcellulose. There was no correlation between the hematopoietic differentiation potential of the iPSC clones and the number of mutations (r 2 = 0.01339) (Fig. 5F ) or the number of integration sites (data not shown).
Discussion
The generation of iPSCs starts with a single somatic cell. All of the cells in the resulting iPSC clone would therefore be expected to harbor the somatic alterations present in that individual founding cell, in essence "capturing" the mutational history of that cell. The genetic heterogeneity that results from this cloning of individual cells has been addressed in some studies using small numbers of iPSC clones. To more comprehensively address the degree of genetic heterogeneity that can result from iPSC generation, we characterized the exomic mutations in 24 iPSCs generated from the same C57BL/6 male mouse, using two independent preparations of skin fibroblasts. We found that there was a wide range in the number of mutations in the exomes of individual iPSC clones when compared to the pool of fibroblasts that served as the cell source for iPSC production, highlighting the genetic heterogeneity inherent in iPSC generation. In this study, we limited our analysis to genetic alterations present in nearly all the cells of the iPSC clone (variants with VAFs of *50%), since these would most likely have been present in the individual fibroblasts that were reprogrammed. In contrast, mutations present in a subset of the cells of the iPSC clone would most likely arise during cell expansion, and were therefore excluded from this analysis. This approach was chosen based on our previous study, which strongly suggested that most variants present in an individual iPSC were carried forward from the reprogrammed cell [8] . Most of the variants detected in this study had few if any variant reads in the parental fibroblasts. We favor the hypothesis that these variants were pre-existing in the rare cells that were reprogrammed, and were below our limit of detection by sequencing. However, we cannot exclude the possibility that they occurred during the initial stages of reprogramming. Another possibility is that these mutations arose during expansion, and that specific mutations provided clones with a strong proliferative advantage; if this were the case, we would expect to see recurring patterns of mutations in genes that are known to provide a proliferative signal (e.g. activating mutations in Ras, tyrosine kinase receptors, etc.). However, no mutations of this class were identified in any of the clones. For some variants, such as the A>G transition in Dcbld1, our results convincingly demonstrate that these variants were present in a subset of cells in the fibroblast pools used for iPSC generation, and that the mutation likely provided no fitness advantage for reprogramming.
Functional heterogeneity in iPSCs has been documented by several other studies [9, [23] [24] [25] , but all have examined only a small number of clones. Our experimental design allowed us to test the extent of functional heterogeneity among a large set of iPSCs and to determine if there was an association with genetic alterations. We did observe a range in the ability of individual iPSCs to differentiate into hematopoietic cells. Other studies have likewise demonstrated variable potentials of iPSCs derived from a common source to differentiate into a specific lineage, such as neurons [26, 27] , hematopoietic progenitors [9, 27] , or hepatocytes [24] . In this study, only one of 24 clones was unable generate hematopoietic progenitors. This clone, Ax1-18, had a similar number of exomic mutations (n = 22) to other clones in the set, and none were in genes that are currently known to be important for hematopoietic differentiation or development (S3 Table) . In addition, this clone was capable of forming teratomas in vivo, confirming its pluripotency. It is possible that epigenetic differences captured in the reprogrammed cell may have influenced its functional properties [26] [27] [28] .
While our data clearly show there is little association between functional and genetic heterogeneity in this group of 24 iPSCs, it is not yet clear how genetic heterogeneity will impact disease-specific, patient-derived iPSCs. This may especially be true in iPSCs derived from primary, patient-derived tumor samples, which are inherently heterogeneous in their genetic makeup, containing not only a set of passenger mutations acquired over the life of the transformed cell, but also mutations that influence cell growth and differentiation. Indeed, we have shown that primary AML samples consist of different populations of cells with mutations that can confer unique functional properties [29] . Considering these data, it would not be surprising if the functional heterogeneity of iPSCs is more prominent when derived from tumor samples-or even from patients with cancer predisposition syndromes, which may have altered background mutation rates.
In summary, we characterized the mutational landscape of 24 iPSC clones derived from the same mouse. While we found a substantial amount of genetic heterogeneity, only one of the clones was incapable of hematopoietic differentiation, and there was no correlation between the number of mutations and the ability to generate functional hematopoietic progenitors. Future studies are clearly warranted with different initial cell sources for iPSC generation (e.g. bone marrow/peripheral blood mononuclear cells and patient-derived primary samples), and different lineage differentiation strategies. Regardless, these data provide a large database and reference material for future iPSC experiments focused on heterogeneity among iPSC clones.
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